Introduction
Accurate knowledge of the characteristics of a focused laser beam is critical for process control of laser beam welding and cutting. These characteristics include focused spot size, focal plane axial position, and depth of focus. In a job shop or laboratory environment, processing requirements can lead to frequent changes in laser set up conditions (such as output power or lens focal length) which, in turn, may lead to changes in the focus characteristics. In order to build process models, accurate values of spot size and focal position are required.
Other laser system related conditions are thought to have an effect on focusing as well. Heating of the output coupler from the resonator cavity is reported to cause distortion of the optic and affect the output laser beam. What effect does the surface condition of the lens have on the focusing characteristics? Focus lens condition is thought to be critical to the stability and repeatability of focus. Lens damage from weld vaporization and spatter, for example, may have an effect on the focused spot size. In addition to causing refractive effects, this damage may lead to lens heating and lens distortion.
This study is an evaluation of the focusing characteristics of several 127 mm focal length, plan0 convex, ZnSe lenses. Due to manufacturing tolerances, focusing lenses are produced with different values of absorption. A variation in focusing characteristics due to absorption might be expected. The repeatability of focusing characteristics for multiple nominally identical focusing lenses was also of interest.
Experimental
The laser used for this experimentation was a Rofin Sinar 1200SM fast axial flow C02 capable of producing up to 1650 W. The output coupler had been in the laser for less than 2 years and had less than 100 hours use time. Focus lenses were evaluated at 7 powFr levels from 200 to 1600 W.
DISCLAIMER
This report was prepared as an account of work sponsored by an agency of the United States Government. Neither the United States Government nor any agency thereof, nor any of their employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement. m mmendation, or favoring by the United States Government or any agency thereof. The views and opinions of authors expressed herein do not necessarily state or reflect those of the United States Government or any agency thereof.
All power levels were measured with a calorimeter type power probe after the focus lens. The data in Table 1 describes each of the lenses tested. The table includes the manufacturer supplied power absorption value for the lens. Lenses B thru E were manufactured by Laser Power Optics. Lens A was of uncertain manufacture. Focus measurements were made with a Prometec UFF 100 Laserscope. For each power level the focused beam was scanned at, above, and below optimum focus over a range of approximately 6.3 mm. Each scan was incremented in 0.64 mm steps. At least 10 scans were made for each power level.
The Laserscope uses a hollow needle on a rotating drum to scan the laser intensity. A small hole in the needle permits laser radiation to enter. The radiation entering the needle is guided to a detector. Figure 1 shows the set up for the Laserscope. To complete a measurement, the needle is rotated and indexed through the beam to permit the cross sectional area of the beam to be sensed. Figure 2 shows a typical output from a single scan. Figure 3 shows a composite representation of all scans made for a specific power level and lens. The spot size and position data collected from the Laserscope for each lens were plotted and a nonlinear curve-fitting algorithm was used to analyze the data (Ref. 1). The curve fit provided three important parameters including minimum beam radius, position of the minimum waist (effective focal length), and M2. For these measurements, effective focal length is determined from the front (mounting) face of the lens. Figure 4 shows the measured spot size and its position for Lens A at different power levels. This lens had been used for production and had some minor spatter on the lens face. Apparent in this graph is the increasing minimum spot size as power increases. At 200 W the spot radius is 0.105 mm. At 1600 W however, the spot radius has increased to 0.125 mm, a 0.02 mm increase in radius. 
Results and Discussion
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Fig. 4 -Change in spot radius and shift in effective focal length at several power levels for a 127 mm plano convex lens.
The variations in spot size with power seen in Fig. 4 were thought to be caused primarily by a change in unfocused beam size. Because thermal lensing of the output coupler is known to affect spot size, (Ref. 2) determination of the unfocused beam size throughout the power range was undertaken to help explain the variation. Figure 5 shows the results of unfocused beam measurements taken at 2 positions in the beam path. For the measurements at the exit of the output coupler, the small increase in beam size with power is suspected to be due to system performance variation related to better filling of the laser resonator at increasing power. The measurements taken at the lens position show a more dramatic change in beam size. This is attributed to thermal lensing of the output coupler. Work by Klein (Ref.
3) described and evaluated the thermal lensing phenomena that occurs as a result of the absorption of laser light in solid windows. Ifflander and Weber (Ref. 4) showed that the effect of thermal lensing could be compensated for by special optics. However, many laser systems, including the laser used in this study, do not have provisions for thermal lensing compensation and therefore, the effects must be compensated for during material processing in order to optimize the process. As seen in Figure 5 , for laser power up to approximately 1500 W the beam becomes less divergent and above 1500 W, the beam is converging. The transition from a diverging to a converging beam occurs in Figure 5 where the two curves cross. The variation in unfocused beam radius at the focus lens position shown in Figure 5 will significantly change the optic F#, which is the ratio of the lens focal length (f) to the unfocused beam diameter (0) as described by: Thermal distortion of the lens at higher power can explain the additional spot size increase above that predicted by equation (2). The lens is heated by the laser beam on the surface near its center; cooling is provided from the edges. The result is a thermal gradient that distorts the shape and an increase in spot radius. Since Lens A had been previously damaged with spatter, the absorption should be greater than for a new lens.
To verify this assumption, an unusedf= 127 mm plano convex lens (Lens B) was evaluated, it has a lower rated absorption than Lens A, and a smaller edge thickness (see Table 1 ). Table 2 shows the predicted and actual values for spot size radius for Lens A and B. The results for Lens B are exactly the predicted values indicating no thermally induced distortion of the lens, Additionalf= 127 mm plano convex lenses were also evaluated to determine if the variability in spot size seen with Lens A and B would occur for other lenses. Figure 6 shows the variation in spot radius with power for the five lenses tested. All lenses show a similar dependence of spot size on power. It is significant that at 1600 W, there is a variation of 28% in spot radius among the lenses that are nominally identical. Lenses A and D show the largest spot size at high power. Lens D had also been used in production welding and exhibited some minor spatter on the surface. This lens was the highest in rated absorption (0.23%) of all lenses tested. Lens E, also with high rated absorption (0.23%), but unused at the time of evaluation, had slightly less spot size increase. The lenses with smallest spot radius, B and C , were low in rated absorption and had not been used for welding when evaluated.
EfSective Focal Length
The focal plane position shift with power shown in Figure 4 is a serious concern for process control. A noticeable variation in effective focal length is seen. At 200 W the effective focal length is 125.6 mm and at 1600 W is 123.3 mm -a shift of 2.3 mm. Observed is the position of minimum focus shifted toward the lens as power is increased (a decrease in effective focal length). Figure 7 shows a summary of all lenses tested comparing the change in effective focal length of each lens with power. As the power increases, the distortion of the output coupler causes a change in the wavefront characteristics of the propagating beam. The result is a decrease in beam divergence (Fig. 5) and a change in the focal plane position (Ref. 5) . For this laser, the beam becomes convergent at 1500 W. The trend of reduced effective focal length is seen with all lenses in Figure 7 and can be attributed as for increased spot radius to the distortion of the output coupler. 1 1 ' 1 1 1 1 ' 1 1 1 1 1 1 1 1 1 1 1 -E -- The variation between lenses in Fig. 7 however, must be explained. As was seen with the variation in spot radius, individual lens characteristics can have a contributive effect. Sufficient absorption of the laser beam by the lens can cause a change in the curvature and therefore, alter the focal plane position. The lenses with the greatest shift in effective focal length were A and D. These lenses were damaged with minor spatter and, in the case of Lens D, had the highest relative rated absorption. Lens C, high rated absorption, but unused, was next in relative variation. Finally, unused and low in rated absorption, Lenses B and C had the smallest change in effective focal length.
Depth of Focus defined by
Consistent beam irradiance is fundamental to reproducibility of laser welds. Irradiance (I) is
where P is the measured laser power and r the measured spot radius. To evaluate the variation in beam irradiance with power, the data for t h e f = 127 mm lenses was plotted (Figure 8) . The variation in irradiance is considerable -as much as a 25% variation is seen. The average depth of focus as a function of power for all the lenses is shown in Figure 9 . Depth of focus (d) was calculated using the equation (Ref. 1) where wo is the minimum spot radius. Evident in Fig. 9 is a minimum depth of focus of 1.2 mm increasing to near 1.8 mm at full power. Clearly, this is a result of the increasing spot size at higher power. If we compare the shift in effective focal length in Fig. 7 (as much as 2.0 mm) to the maximum amount of depth of focus in Fig. 9 (1.8 mm) , it is apparent that there is insufficient depth of focus to compensate for the shift in effective focal length. This could present a problem in a welding set up for which the optimum focus for a weld was determined at a low power and then a significantly higher power was used to weld. The result would be an out of focus condition. 
Conclusions
1.
Five nominally identical focusing lenses were evaluated for focusing characteristics on a fast axial flow C 0 2 laser. A Prometec Laserscope was used to measure spot size and effective focal length for each lens at several laser power settings.
2. The minimum spot size was found to increase with increasing laser power. This effect was attributed primarily to the change in size of the unfocused beam due to thermal lensing of the output coupler.
3. The effective focal length of each lens was found to be shorter with increasing laser power. Changes in divergence and laser wavefront characteristics were consisdered the primary reasons for this effect.
4. Significant variation in minimum spot size and effective focal length was observed for the five nominally identical lenses. Lenses with high relative rated absorption had a larger variation in spot size and effective focal length than those with low absorption. Minor damage to the focusing lens from spatter increased the observed effects.
5. Beam irradiance was found to vary by as much as 25% for nominally identical lenses. This can have a significant impact on materials processing applications.
6. Depth of focus was found to increase with increasing laser power but not sufficiently to compensate for the observed changes in effective focal length with power.
